New results of the investigation of biodiesel fuel droplet heating and evaporation, using previously developed models, are presented. Temperature gradient, recirculation and species diffusion within the droplets are taken into account. The results of calculations, taking into account the contribution of all components of biodiesel fuels (up to 16) and assuming that these fuels can be treated as a one component fuel, are discussed. It is pointed out that there are serious problems with the application of the approach, based on the analysis of diffusion of individual components, to the modelling of heating and evaporation of realistic Diesel fuel droplets, as the latter include more than 100 components. In our earlier papers, a new approach to the modelling of heating and evaporation of multi-component droplets, suitable for the case when a large number of components are present in the droplets, was suggested. This approach was based on the introduction of quasi-components, and the model was called the 'quasi-discrete' model. It is pointed out that there are two main problems with the application of the quasi-discrete model to realistic Diesel fuels. Firstly, even if we restrict our analysis to alkanes alone, it appears not to be easy to approximate this distribution with a reasonably simple distribution function. Secondly, the contributions of other hydrocarbon families in addition to alkanes cannot be ignored in any realistic model of Diesel fuels. Some preliminary results of the development of the generalised multi-dimensional version of the quasi-discrete model and its application to realistic Diesel fuel droplets are presented.
INTRODUCTION
The paper is focused on a summary of recent approaches to the modelling of biodiesel and Diesel fuel droplet heating and evaporation, which is an important stage of the processes leading to combustion of these fuels in internal combustion engines. A number of models of biodiesel and Diesel fuel heating and evaporation of various complexities have been suggested (e.g. [1] [2] [3] [4] [5] [6] [7] ). These models either ignored temperature gradients and species diffusion inside droplets or took them into account based on the numerical solutions of the underlying partial differential equations (e.g. [2] ). The importance of taking into account these effects was discussed in a number of our previous papers, including [8, 9] . In contrast to almost all previous investigations of these processes, the authors of [8, 9] based their analysis not on the numerical solutions of the equations for heat transfer and species diffusion in droplets, but on their analytical solutions, which were incorporated into a numerical algorithm.
The main difficulty with modelling droplet heating and evaporation of Diesel fuels, compared with biodiesel fuels, lies in the fact that Diesel fuels contain many more components (over 100), compared with biodiesels (less than 20 in most cases). This makes it rather difficult to calculate directly the mutual diffusion of individual components in Diesel fuel droplets. Widely used models of Diesel fuel droplet heating and evaporation are based on a number of assumptions. These include the assumptions that: Diesel fuel can be approximated by a single component (n-dodecane in most cases); temperature gradients inside droplets can be ignored; the droplet interface is stationary during the time step; and kinetic effects during heating and evaporation can be ignored [10] . Some of these assumptions were relaxed in recent advanced models of multi-component droplet heating and evaporation (e.g. [11] ). As illustrated in [12, 13] , the most important of the above-mentioned assumptions is that a Diesel fuel can be approximated by a single component. The early models, taking into account the effect of multiple components in Diesel fuels were based on the probabilistic analysis of a large number of components (e.g. the Continuous Thermodynamics approach [3] [4] [5] and the Distillation Curve Model [6] ). In both of these approaches, additional simplifying assumptions were used, including the assumption that species inside droplets mix infinitely quickly or do not mix at all.
A new approach to modelling the heating and evaporation of Diesel fuel droplets, taking into account a large number of components was suggested and developed in [12, 13] . This approach was based on the introduction of hypothetical components with non-integer numbers of carbon atoms. These hypothetical components were called quasi-components. In contrast to the previously suggested models, designed for large numbers of components, the model suggested in [12] took into account the diffusion of liquid species and thermal diffusion, as in the classical Discrete Component Models, alongside recirculation inside droplets. This model was called the 'quasi-discrete model'. In [13] , this model was generalised to take into account the differences in liquid density, viscosity, specific heat capacity, and thermal conductivity for liquid components in Diesel fuels. Although the usefulness of the quasi-discrete model was clearly demonstrated in [12, 13] , it still had a number of serious limitations. The most important of these limitations was the assumption that Diesel fuel consists only of alkanes and the distribution of mass/molar fractions as a function of the carbon number can be approximated by a smooth function. Both of these assumptions contradict the observed composition of realistic Diesel fuels [14] .
In this paper, a recently described new approach to modelling the heating and evaporation of biodiesel droplets [15] is reviewed and is applied to the analysis of biodiesel fuel droplets for conditions not considered in [15] (these are more realistic compared with the cases considered in [15] ) (Section 2). Also, preliminary results of the development of a new model for the analysis of realistic Diesel fuel droplet heating and evaporation and its applications are described (Section 3). The main results of the paper are summarised in Section 4.
BIODIESEL FUEL DROPLETS
In the approach to biodiesel fuel droplet heating and evaporation described in [15] , previously suggested models for droplet heating and evaporation, taking into account the temperature gradient, recirculation and species diffusion within the droplets [8, 9] , were applied. In contrast to most commonly used models to take into account these effects, the model described in [15] is based on the analytical solutions to the heat transfer and species diffusion equations inside droplets (see [8, 9] ). The effects of temperature gradient and species diffusion inside the droplets are taken into account based on the Effective Thermal Conductivity (ETC)/Effective Diffusivity (ED) model, in which the effects of recirculation inside the droplets are taken into account by replacing the liquid thermal conductivity and species liquid diffusivity by the effective thermal conductivity and effective diffusivity, respectively. The analysis was focused on five types of biodiesel fuels: Palm Methyl Ester (PME) produced from palm oil, Hemp Methyl Esters, produced from hemp seed oil in the Ukraine (HME1) and European Union (HME2), Rapeseed oil Methyl Ester (RME), produced from rapeseed oil in the Ukraine, and Soybean oil Methyl Ester (SME) produced from soybean oil.
These fuels contain up to 15 methyl esters and possibly small amounts of unspecified additives, which were treated as methyl esters with average characteristics. Calculations were performed: (1) taking into account the contribution of all components of the biodiesel fuel; and (2) assuming that this fuel can be treated as a one component fuel with averaged transport and thermodynamic coefficients (a widely used approximation for the analysis of biodiesel fuels). The maximal deviation between the predictions of the multi-and singlecomponent models was observed for RME. However, even in the latter case, the difference between the evaporation times predicted by these models was less than about 5.5%.
In what follows applications of the model presented in [15] to problems which are different from those described in [15] are presented. Following [16] it is assumed that an RME fuel droplet of initial radius R d0 = 12.66 µm and initial temperature T 0 = 300 K moves with a velocity U d = 40 m/s. As in [15] it is assumed that the gas temperature and pressure are equal to 880 K and 30 bars respectively. The molar fractions of the 9 components of RME fuel are given in Table A1 of [15] .
The values of droplet surface temperature (T s ) and radius (R d ) versus time (t) for this case are shown in Fig.  1 . As in [15] , the calculations were performed: (1) taking into account the contribution of all 9 components of the RME fuel (multi-component model); and (2) replacing these components with a single component with average transport and thermodynamic properties obtained as described in Appendix C of [15] (singlecomponent model).
Fig. 1
The plots of RME droplet surface temperatures (T s ) and radii (R d ) versus time predicted by the multicomponent (M) and single-component (S) models. Gas temperature and pressure are assumed to be equal to 880 K and 30 bar respectively. The initial droplet radius is assumed to be equal to 12.66 μm and its velocity is assumed to be constant and equal to 40 m/s. The analysis is based on the Effective Thermal Conductivity/Effective Diffusivity (ETC/ED) model. 
moving droplets evaporate more quickly than slower ones, as expected, with higher deviations in evaporation times between the two (multi-and single-component) models. The time evolution of surface mass fractions of six RME species is presented in Fig. 3 for the same conditions as in Fig. 1 . As follows from this figure, mass fractions of the lightest components (methyl palmitate, methyl oleate, methyl linoleate and others) monotonically decrease with time, while the mass fraction of the heaviest component (methyl nervonate) monotonically increases with time. The behaviour of surface mass fractions of the intermediate species (methyl erucate) when their mass fractions first increase and then start to decrease at the final stage of droplet heating and evaporation is similar to that observed for Diesel and gasoline fuel droplets (cf. Fig. 11 of [13] ). The species with larger n evaporate more slowly than the species with lower n and have higher wet bulb temperatures. 
DIESEL FUEL DROPLETS
As mentioned in Section 1, there are two most important limitations of the quasi-discrete model described in [12, 13] . Firstly, this model is based on the assumption that Diesel fuel consists only of alkanes. Secondly, in this model it is implicitly assumed that the distribution of molar fractions of alkane as a function of the carbon number can be approximated by a smooth function. None of these assumptions is compatible with the observed composition of realistic Diesel fuels [14] . The Diesel fuel considered in the latter paper contained the following molar fractions for the groups of components: 13.6518% n-alkanes, 26.4039% iso-alkanes, 14.8795% cycloalkanes, 7.6154% bicycloalkanes, 1.5647% tricycloalkanes, 16.1719% alkylbenzenes, 9.1537% indanes & tetralines, 8.6773% naphthalenes, 1.2240% diaromatics, and 0.6577% phenanthrenes (the detailed distribution of molar fractions of components within each above-mentioned group is shown in Fig. 1 and Table S2 of [14] ). Since the contributions of tricycloalkanes, diaromatics, and phenanthrenes are less than about 1.5%, they can be replaced with individual components C 19 H 34 (tricycloalkane), C 13 H 12 (diaromatic), and C 14 H 10 (phenanthrene). The difference between thermodynamic and transport properties of n-alkanes and iso-alkanes can be ignored and they can be treated as alkanes. This can lead us to a simplified presentation of Diesel fuel with the six groups, alkanes (molar fraction 40.0556%), cycloalkanes (molar fraction 14.8795%), bicycloalkanes (molar fraction 7.6154%), alkylbenzenes (molar fraction 16.1719%), indanes & tetralines (molar fraction 9.1537%), and naphthalenes (molar fraction 8.6773%), plus 3 components, C 19 H 34 (molar fraction 1.5647%), C 13 H 12 (molar fraction 1.2240%), and C 14 H 10 (molar fraction 0.6577%).
A new model, called the multi-dimensional quasi-discrete model, is suggested here to deal with the analysis of Diesel fuel droplet heating and evaporation, taking into account most details of the distribution of components in a realistic Diesel fuel. The Diesel fuel considered in [14] is used to illustrate the efficiency of the new model. In what follows the main ideas of the new model are described and some preliminary results of its application to modelling the above-mentioned Diesel fuel droplet heating and evaporation in realistic Diesel engine conditions are presented.
In the new model, compared with the previously developed quasi-discrete model, the focus is shifted from the analysis of the distribution function to the direct analysis of molar fractions of the components. These are described by the matrix X nm , where n refers to the number of carbon atoms, and m refers to the groups (e.g. cycloalkanes) or individual components (tricycloalkane, diaromatic and phenanthrene). The link between the values of m and the groups or components in the simplified composition of Diesel fuel is the following: m=1 corresponds to alkanes; m=2 corresponds to cycloalkanes; m=3 corresponds to bicycloalkanes; m=4 corresponds to alkylbenzenes; m=5 corresponds to indanes & tetralines; m=6 corresponds to naphthalenes; m=7 corresponds to tricycloalkane; m=8 corresponds to diaromatic; m=9 corresponds to phenanthrene. The maximal number of non-zero components in matrix X nm in the simplified composition of Diesel fuel is 98.
The components within each individual group are merged together to form quasi-components. Carbon numbers and molar fractions of these quasi-components are found from the following formulae:
where N-k+1 is the number of components within a given quasi-component, k is the minimal value of n for a given quasi-component, N is the maximal value of n for a given quasi-component. N-k+1 can take any value between 1 and the total number of components in a given group. In contrast to the previously described quasicomponent model, the numbers of components within each quasi-component do not need to be the same. These quasi-components are formed for each of the above-mentioned groups (this is indicated by the word 'multidimensional' in the name of the method and subscripts m in Expressions (1) and (2)). No quasi-components are formed for individual components (m= 7-9). As in the original quasi-component model, the values of carbon numbers for each quasi-component are not integers in the general case (hence, the term 'quasi-components').
Once the quasi-components have been formed they are studied in exactly the same way as the actual components, similar to the original quasi-discrete model. All thermodynamic and transport properties of the quasi-components depend on ̅ as in the original model and this dependence was taken into account in our analysis.
As in the case of the original quasi-discrete model, the predictions of the multidimensional quasi-discrete model were compared with the prediction of the model taking into account the contribution of all 98 components, assuming that the latter model leads to the most accurate results.
Following [17] , the new model was tested for the analysis of heating and evaporation of Diesel fuel droplets of an initial radius R d0 = 10 µm and initial temperature T 0 = 300 K moving at a velocity U d = 35 m/s. As in the case of biodiesel fuel droplets (see [15] ), it is assumed that the gas temperature and pressure are equal to 880 K and 30 bars respectively. The analysis is based on the Effective Thermal Conductivity (ETC)/Effective Diffusivity (ED) model. As in the case of biodiesel fuel droplets, the analysis is based on the incorporation of analytical solutions to the heat transfer and species diffusion equations into the numerical code.
The plots of the droplet surface temperatures T s and radii R d versus time for three approximations of Diesel fuel composition are shown in Fig. 4 . These are the cases shown in this figure: the contributions of all 98 components are taken into account (indicated as (98)); the contribution of 98 components is approximated by 20 quasi-components/components (indicated as (20)); the contribution of 98 components is approximated by 6 quasi-components (corresponding to the 6 groups mentioned above) and 3 components (tricycloalkane, diaromatic and phenanthrene) without taking into account the diffusion between them so that their mass fractions remain equal to the initial mass fractions and they behave like a single quasi-component (indicated as (S)). The latter approximation is the one which is most widely used in practical engineering applications.
These are the 20 quasi-components/components used in the model, the predictions of which are shown in Fig. 4 T s (98)
contributions of all 98 components for the same conditions as in Fig. 4 , are shown in Fig. 5 (cf. Fig. 3 for biodiesel fuel droplets).
As can be seen from Fig. 5 , the mass fraction of the lightest components, C 10 H 14 , monotonically decreases with time, while the mass fraction of one of the heaviest components, C 27 H 54 , monotonically increases with time. The behaviour of the intermediate components appears to be more complex. Initially, the mass fractions of these components increase with time, but at the end of the evaporation period they start to decrease with time. At the very final stage of droplet evaporation only one component, the least volatile, remains in the liquid phase (C 27 H 54 ). This behaviour of the surface mass fractions is consistent with that predicted by the simplified version of the quasi-discrete model described in [12, 13] . Note that strictly speaking the heaviest component in the mixture shown in Fig. 5 is C 27 H 56 . This component, however, appeared to be slightly more volatile than C 27 H 54 . Hence, we see that a rather sharp increase in the mass fraction of C 27 H 56 close to the end of the evaporation period is followed by an equally sharp decrease at the final stage of evaporation. (1) (9) . The plots of temperature versus normalised distance from the droplet centre (R/R d ) at three instants of time as predicted by the model, taking into account the contributions of all 98 components, are shown in Fig. 7 . As can be seen from this figure, temperatures throughout the droplet increase with time, and the temperature gradients can always be clearly seen. This shows the limitations of the infinite thermal conductivity (ITC) model, in which these gradients are ignored, which is widely used for the analysis of droplet heating and evaporation (see [18, 15] and the references therein). The droplet surface temperatures predicted by Fig. 7 are the same as those presented in Fig. 4 , as expected. 
CONCLUSIONS
A recently described new approach to the modelling of biodiesel droplet heating and evaporation is briefly summarised and illustrated for new cases of biodiesel droplets. This approach is based on the application of the Effective Thermal Conductivity/Effective Diffusivity model and the implementation of the analytical solutions to heat transfer and species diffusion equations inside droplets in numerical code. It is confirmed that the approximation of biodiesel fuel by a single component leads to the under-prediction of droplet evaporation time by about 6.5% which can be acceptable as a crude approximation in most engineering applications.
Two main problems with the application of the recently developed quasi-discrete model to the analysis of realistic Diesel fuel droplet heating and evaporation are outlined. This model is based on the assumptions that Diesel fuel can be approximated by alkanes alone, and the distributions of molar fractions of these alkanes can be approximated by a smooth function. Even if we restrict our analysis only to alkanes, it appears not to be easy to approximate this distribution with a reasonably simple distribution function. Moreover, the contributions of other hydrocarbon families (in addition to alkanes) cannot be ignored in any realistic model of Diesel fuels. Some preliminary results of the development of the generalised multidimensional version of the quasi-discrete model and its application to realistic Diesel fuel droplets are presented. The composition of this fuel is simplified and reduced to only 98 components. It is pointed out that in contrast to biodiesel fuel droplets, the approximation of Diesel fuel by a single component leads to under-estimation of droplet evaporation time by more than 21%, which is not acceptable in many engineering applications. At the same time, the approximation of 98 components of Diesel fuel by 20 quasicomponents/components leads to under-prediction of this time by less that 3.1% which is believed to be acceptable in most applications.
